The amino acid sequence of a 33-residue peptide isolated from plakalbumin by gel filtration in 6M urea at pH 3 and derived from the C-terminal portion of ovalbumin has been determined. Enzyme digestion of the hydrophobic areas by thermolysin, papain, ana subtilisin BPN' gave peptides with overlapping sequences. The peptides were fractionated by a combination of paper ionophoresis and chromatography and their sequences determined by the dansyl-Edman technique.
I. INTRODUCTION
In a previous paper (Sleigh et al. 1969 ) the N-terminal sequence of a large peptide isolated from plakalbumin by dissociation in 6M urea at pH 3 was presented. This peptide was obviously derived from the C-terminal region of ovalbumin since it had the same C-terminal residue as that reported for ovalbumin (Niu and FraenkelConrat 1955) . It is characterized by a high proportion of hydrophobic residues.
The peptide is fragmented readily by digestion with thermolysin, papain, and subtilisin BPN'. Identification of the peptides obtained has enabled the complete amino acid sequence to be deduced.
II. MATERIALS AND METHODS

(a) Preparation of Plakalbumin Peptide
Plakalbumin was prepared by digestion with subtilisin Carlsberg (subtilopeptidase A) under the conditions described by Smith (1968) .
Plakalbumin, O· 8 g, was dissolved in 4 ml water and mixed with 36 ml of a solution 8M in urea and O'lM in HCI. The solution was applied to a column of Sephadex G75 (400 ml bed volume) equilibrated with 6M urea and 0·05M HCI and the column was eluted with the same solvent at 24 ml/hr. Fractions of8 ml were collected and analysed for -SH groups (Ellman 1959) with 5,5'-dithiobis(2-nitrobenzoic acid). When stabilization of the thiol groups was desired they were carboxymethylated before gel filtration by the methods previously described (Smith 1968) , and the fractions were analysed by the Folin-Lowry method. Urea was removed from the peptide solution by gel filtration on Sephadex G 15 (Smith 1968) .
(b) Proteolytic Dige8tion of Plakalbumin Peptide
Digestions with TPCK-trypsin (Worthington) and subtilisin BPN' (Nagarse, Teikoku Chemical Industry Co. Ltd., Osaka, Japan) were carried out in 1% ammonium bicarbonate (pH 8· 7) at 37°C for 3-4 hr using 1 % enzyme on the weight of substrate. Thermolysin (Ohugai Boyaki 00., Osaka, Japan) digestions were done in a O· 2M solution of ammonium acetate at pH 8· 5 containing O· 005M OaOh at 37°0 for 5-6 hr using 2· 5 % enzyme on the weight of substrate. The digest was freeze·dried several times after the addition of water to reduce the salt concentration.
The papain (Sigma Ohemical 00.) was supplied as a suspension in 0·05M sodium acetate (pH 4· 5) containing 27 mg/ml. It was first activated by adding lO pl to 2·5 ml of a 10% pyridinewater mixture containing O· 005M ethylenediaminetetraacetic acid and O' 005M mercaptoethanol (pH 7· 4) and incubating at 37°0 for 1 hr. The activated enzyme (0·2 ml) was added to a solution of the peptide (4 mg) in 0·8 ml of 10% pyridine-water containing 0'005M mercaptoethanol, adjusted to pH 7 with IN acetic acid. After 4 hr digestion the mixture was freeze-dried.
(c) Peptide Fractionation and Amino Acid Analys1J8
The digests were taken up in 50% pyridine (20-50 ILI/mg) and centrifuged to remove insoluble material. The supernatants, 2 mg dry weight for each two-dimensional fractionation, were first subjected to ionophoresis (40 min, 50 V/cm) at pH 6·4 and the peptides in a I-in. strip were then sewn on a second sheet of Whatman 3MM paper and chromatographed in a mixture of n-butanol-pyridine-acetic acid-water (15:lO:3:12 v/v). The neutral peptides were further fractionated by sewing the strip containing them to another sheet of paper, and subjecting them to ionophoresis at pH 1· 75. The methods for detection, eluting with 6N HOI, and amino acid analysis were as previously described (Air and Thompson 1969) .
(d) Sequence Determination
Peptides for determination of amino acid sequence were stained with O· 02 % ninhydrin and eluted from papers after washing thoroughly with acetone. Aqueous pyridine (10-50%) was used for elution by the technique of Sanger and Tuppy (1951) . Amino acid sequences were determined by the dansyl-Edman procedure as described by Gray (1967) with the modifications previously given Thompson 1969, 1971) . If the peptide was eluted with 50% pyridine the coupling with phenylisothiocyanate could be performed directly, without drying. This avoids loss of ",-amino groups during drying when residual ninhydrin is present.
(e) Cysteic Acid Peptid1J8 from Oxidized Plakalbumin Peptide
The peptide in its sulphydryl form (10 mg) was dissolved in 0·5 ml formic acid and cooled to 0°0. Performic acid reagent (0'5 ml), formed by leaving formic acid (9 vol.) and 30% H 2 0 2 (1 vol.) at 25°0 for 1 hr, was cooled to 0°0 and added. After reaction for 2·5 hr at 0°0 the mixture was freeze-dried. Water was added and the solution freeze-dried several times.
Partial acid hydrolysis was carried out with llN HOI (1 ml) at 37°0 for 2· 5 days. The mixture was diluted and freeze-dried.
Oysteic acid peptides not containing a basic amino acid residue were separated by passing an aqueous solution through a sulphonated polystyrene ion-exchange resin (Dowex 50-X2, 200 mesh, 10 by 1·0 cm diam.) in the hydrogen form (Kimmel, Thompson, and Smith 1955) . The non-absorbed fraction was freeze-dried and fractionated by paper ionophoresis at pH 3· 5 followed by chromatography in the solvent described above. Figure 1 shows the elution curve of dissociated plakalbumin on G75 Sephadex. The first peak contains the residual protein, which was recovered by diluting the pooled fractions with an equal volume of water and adjusting the pH to 4· 9-5·0, when the protein precipitated. The second peak represents the peptide, and is approximately equal in area to the first peak since the peptide and the residual protein each contain two cysteine residues per mole. The peptide was routinely recovered in yields of more than 90% of theoretical yield. When the cysteines were not alkylated some oxidation occurred on drying but the peptide was readily soluble at pH 8 in the presence of a little dithiothreitol. Fraction number
III. RESULTS
(a) Separation of the Large Peptide from Plakalbumin
Fig_ L:-Separation of plakalbumin protein and peptide on Sephadex G75
in 6M urea, o· 05M HCI. O' 5 ml of each fraction was mixed with 5 ml of a solution containing 0·5 ionic strength sodium phosphate (pH 7'5), 0'5% sodium dodecyl sulphate, and 0·01 % 5,5' -dithiobis(2-nitrobenzoic acid); absorbance measured at 412 nm. Fractions pooled are indicated by bars .
(b) 0Y8teic Acid Peptide8
In the acidic peptide fraction not absorbed on sulphonated polystyrene there were only five peptides, in addition to cysteic acid, in a partial acid hydrolysate
of the plakalbumin peptide which had been previously oxidized with performic acid. This fraction was separated by paper ionophoresis at pH 3·5 followed by chromatography in the second (vertical) dimension with butanol-pyridine-acetic acid-water (15:10:3:12 v/v) (Fig. 2) . In addition to free cysteic acid (spot 01) the peptides identified were Phe-CySOsH (C3), CySOsH-Val (C4), with smaller yields of (Phe, CySOsH, Ile) (C6), (CySOsH, Ile) (C5), (CySOsH, Val, Ser) (C2), consistent with two sequences Phe-CySOsH-Ile and CySOsH-Val-Ser.
The absence of a peptide involving the residue preceding the second cysteic acid probably indicates that the residue is a basic amino acid and the basic peptide was not eluted from the column.
(c) Peptides from Enzyme Dige8t8 of the Oarboxymethylated Peptide
Peptides obtained by enzymic digestion are designated by a symbol to indicate the enzyme used for the digestion. The symbols used are Tp, trypsin; Th, thermolysin; Pa, papain; S, subtilisin BPN'.
The two-dimensional peptide map of a thermo lysin digest is shown in Figure 3 and the composition of the peptides in Table 1 . The many overlapping sequences indicate that the splitting of a particular bond and generation of a free IX-amino group apparently stabilized the adjacent bond, even though it involved a hydrophobic residue as the second residue. t §~ 57.;:; Fig. Figs 3-5.-Peptide map of plakalbumin peptide digested with thermolysin ( Fig. 3) , papain (Fig. 4) , and subtilisin BPN' (Fig. 5) . In all cases the fractionation involved paper ionophoresis in pyridine-acetate buffer at pH 6·4 followed by chromatography in the second (vertical) dimension with butanol-pyridine--acetic acid-water (15:10:3:12 vjv). Further resolution of the neutral peptides with similar chromatographic properties was obtained by sewing the neutral strip on another sheet and subjecting them to ionophoresis at pH 1· 75. * The A and B designates the neutral peptides resolved by further ionophoretic separation at pH 1·75. A has a lower mobility than B.
t Uncorrected for decomposition. This was considerable in some peptides due to a temperature of hydrolysis of 115-120°0.
t The phenylalanine is a contaminating amino acid with similar ionophoretic and chromatographic mobilities. Both DNS-Ile and DNS-Phe were obtained on end-group examination but only one DNS-amino acid at the next two stages of the dansyl-Edman procedure.
Each peptide gave good sequence data and residues assigned in this way are shown in the following tabulation, arrows indicating residues sequenced by the dansyl-Edman procedure: Peptide ThlO indicates that a Phe-Leu sequence must be present and therefore it is assumed that the O-terminal phenylalanyl residue shown (Thl+12) is not the same residue as in the N-terminal phenylalanyl peptide Th6_ On this basis the listed sequences account for all the residues in the plakalbumin peptide except for one residue of leucine and one residue of phenylalanine.
A small amount of insoluble peptide material was present. This had phenylalanine as a predominant N-terminal residue but other residues were present and it represented a mixture of partially digested material. The sequences of the cysteic acid peptides suggest that peptide Th3 is linked to Thl4 or ThSA, while peptide Th6 must be linked to Th7.
(ii) Papain Digestion
The peptide map given by a papain digest is shown in Figure 4 . No attempt was made to characterize all peptides as there were some in relatively minor amounts. The amino acid compositions of those which were overlap peptides for the thermolysin peptides (more completely characterized by sequence determination) are shown below: The points of hydrolysis by the enzyme are shown later (Fig. 6 ) for the amino acid sequence that was deduced.
As there is only a single residue of lysine in plakalbumin peptide, peptide Pa 7 indicates that the thermolysin peptide Th3 must be joined to peptide Thl4 to give the sequence Leu-Phe-CMC-Ile-Lys-His which agrees with one of the cysteic acid sequences previously deduced.
Also the missing phenylalanyl residue in the thermolysin peptide sequences had been liberated as free phenylalanine (mixed with ThSA) from a Phe-Phe-Gly peptide sequence present in PaS which accounts for the single glycine residue known from amino acid analyses to be present in the large plakalbumin peptide.
The cysteic acid peptide C2 as well as the papain peptide Pa4 confirm that the thermolysin peptides Th6 and Th7 are joined together and incorporation of the papain peptide PaS gives the C-terminal sequence Phe-Phe-Gly-Arg-CMC-Val-Ser-Pro.
The missing leucyl residue is present in Pa9 indicating it follows the Asn-Ala-Val sequence.
The sequences present in the parent molecule are now reduced to:
Ser-Val-Ser-Glu-Glu-Phe-Arg-Ala-Asp-His-Pro-Phe (N-terminal) Leu-Phe-CMC-lIe-Lys-His Asn-Ala-Val-Leu lIe-Ala-Thr Phe-Phe-Gly-Arg-CMC-Val-Ser-Pro (O-terminal) and further data was required to determine the relative order of the three non-terminal sequences. This is given by the peptide Pall which shows that the Ile-Ala-Thr sequence must be joined to the sequence with a C-terminal His. This is supported by the asparaginyl residue of the following Asn-Ala-Val-Leu sequence that is present in peptides PalO and Pall.
(iii) Subtilisin BPN'
A peptide map of a subtilisin BPN' digest of the large plakalbumin peptide is shown in Figure 5 .
The following peptides were identified by quantitative amino acid analysis and provide supplementary evidence for the overlaps of the peptide sequences deduced from the identified thermolysin peptides. Among these subtilisin peptides are several which indicate that the peptide Ile-Ala-Thr precedes the sequence Asn-Ala-Val-Leu. For example, 83 and 88. There are also several peptides, e.g. 812 and 810, which are only consistent with the sequence Ile-Ala-Thr following the Ile-Lys-His sequence. This then provides sufficient evidence to piece together the sequence of the original peptide, which is shown in Figure 6 together with the indication of the points of cleavage, and the peptides obtained with the different enzymes. In all the fractionated enzyme digests there were some faint spots which gave only low yields of amino acids on hydrolysis. 80me of these were due to free amino acids and some were an oxidized form of the peptides containing B-carboxymethylcysteine residues.
(iv) Trypsin Digestion
In the early investigation of plakalbumin peptide, digestion with trypsin did not appear very promising, but when the sequence was known it seemed likely that digestion should be possible since there were no Lys-Pro or Arg-Pro sequences. Accordingly a digest was fractionated by paper ionophoresis and chromatography, and among the soluble tryptic peptides which were liberated in reasonable yield were two acidic peptides analysing as (Arg,Ser2,Glu2,Val,Phe), peptide Tpl, and (CMC,Ser,Pro,Val), the C-terminal peptide Tp4.
Two neutral peptides were obtained, one of which had the composition (Lys,His,CMC,Asp,Pro,Ala,Ile,Leu,Phe2), corresponding to Tp2. The other peptide contained both lysine and arginine, as well as glutamic acid and serine which are near the N-terminus, so that it analysed as the peptide Tpl,2 due to incomplete cleavage of the arginyl bond.
No peptide corresponding to Tp3 was obtained but it is probable that it was not soluble due to its high content of hydrophobic residues (Fig. 6 ).
IV. DISCUSSION
In investigating the sequence of peptides with hydrophobic regions the use of thermolysin has been recommended (Ambler and Meadway 1968) since it hydrolyses the peptide bonds involving the amino groups of residues with aromatic or hydrophobic side chains. Subtilisin BPN' and papain are useful enzymes to use in conjunction with thermolysin since they tend to split peptide bonds that involve the carboxyl groups of residues with aromatic or hydrophobic side chains, and to a lesser extent those involving lysine and arginine (Smith, Markland, and Glazer 1970) . With papain, Berger and Schechter (1970) have defined a specificity site one residue removed from the peptide bond to be split, this site involving hydrophobic side-chains and dominating those involving the basic amino acid residues. This type of specificity, i.e.
-Phe-X-Y, t is similar to that described by Gerwin, Stein, and Moore (1966) for the action of the sulphydryl enzyme streptococcal proteinase. These different specificities are to some extent seen in the bonds hydrolysed in plakalbumin peptide, (Fig. 6 ) but a considerable degree of partial splitting, giving overlapping sequences, is apparent. The extra peptides formed give further information'!-about the sequence but increase the amount of work while decreasing the yields of peptides.
There are no peptides common to the papain, subtilisin BPN', and thermolysin digests, illustrating their suitability, when used in conjunction, in providing overlapping sequences.
The sequence proposed for the large plakalbumin peptide is consistent with the results of other workers. A peptide of similar composition to Tp2 has been described by Fothergill and Fothergill (1970) in a tryptic digest of ovalbumin that had been reduced and carboxymethylated with iodo-[14C]acetic acid. These authors also obtained the C-terminal tryptic peptide Tp4 and presented evidence from double labelling experiments that this carboxymethyl cysteine residue was derived from a disulphide in ovalbumin after reduction. This is not in accord with our results, since the large plakalbumin peptide is obtained without reduction of ovalbumin, and under acidic conditions where disulphide-sulphydryl interchange is unlikely. Milstein (1968) investigated serine phosphate peptides in digests of ovalbumin and reported a sequence (Milstein 1968, fig. 2 ) giving a peptide TphcSl which is clearly the Tpl sequence of the large plakalbumin peptide. This allows combination of this sequence with that of the present work to give the proposed C-terminal 49 residue sequence of ovalbumin (Fig. 7) . There is one area of uncertainty in the sequence, which is shown in parenthesis. Milstein (1968) had evidence that the sequence was Asp-Val which conflicted with the previous data of Ottesen and Wollenberger (1952) and Ottesen (1958) that it was Val-Asp.
The published evidence of the latter workers is remarkably clear-cut and is supported by the work of Satake, Kurioka, and N eyasaki (1961) . In drawing attention to this area of difference Milstein (1968) stated that "it is not known whether they come from the same part of the molecule". Since the large plakalbumin peptide as well as the smaller peptides studied by Ottesen and WolIenberger (1952) are a result of limited digestion of ovalbumin it seems highly probable that the area studied by Milstein (1968) , which contained a C-terminal sequence identical in composition to the N-terminal sequence reported here, is joined to the large plakalbumin peptide and that further work is necessary to resolve this dipeptide sequence.
The N-terminal sequence of ovalbumin shown in Figure 7 is that of Narita and Ishii (1962) .
The sequence of the large plakalbumin peptide shows two areas containing a considerable number of hydrophobic residues. It is presumably these areas that assist in the strong non-covalent bonding to the rest of the plakalbumin protein. Since this large peptide is readily removed by dissociation with urea at pH 3 and can be isolated in high yield from the easily obtainable ovalbumin it may prove useful as a model polypeptide for a variety of experiments. 
